The pyruvate dehydrogenase multienzyme complex (PDHC) catalyses the oxidative decarboxylation of pyruvate and the subsequent acetylation of coenzyme A to acetyl-CoA. Previously, limited proteolysis experiments indicated that the N-terminal region of the homodimeric pyruvate dehydrogenase (E1p) from Azotobacter vinelandii could be involved in the binding of E1p to the core protein (E2p) [Hengeveld, A. F., Westphal, A. H. & de Kok, A. (1997) Eur J. Biochem. 250, 260±268]. To further investigate this hypothesis N-terminal deletion mutants of the E1p component of Azotobacter vinelandii pyruvate dehydrogenase complex were constructed and characterized. Up to nine N-terminal amino acids could be removed from E1p without effecting the properties of the enzyme. Truncation of up to 48 amino acids did not effect the expression or folding abilities of the enzyme, but the truncated enzymes could no longer interact with E2p. The 48 amino acid deletion mutant (E1pD48) is catalytically fully functional: it has a V max value identical to that of wild-type E1p, it can reductively acetylate the lipoamide group attached to the lipoyl domain of the core enzyme (E2p) and it forms a dimeric molecule. In contrast, the S 0.5 for pyruvate is decreased. A heterodimer was constructed containing one subunit of wild-type E1p and one subunit of E1pD48. From the observation that the heterodimer was not able to bind to E2p, it is concluded that both N-terminal domains are needed for the binding of E1p to E2p. The interactions are thought to be mainly of an electrostatic nature involving negatively charged residues on the N-terminal domains of E1p and previously identified positively charged residues on the binding and catalytic domain of E2p.
The pyruvate dehydrogenase multienzyme complex (PDHC) from gram-negative bacteria consists of multiple copies of three different enzyme components: pyruvate dehydrogenase (E1p), dihydrolipoyl acyltransferase (E2p) and lipoamide dehydrogenase (E3). The complex catalyses the oxidative decarboxylation of pyruvate and the subsequent acetylation of coenzyme A to acetyl-CoA (reviewed in [1±4] ). The substrate specific thiamin diphosphate dependent E1p catalyses the decarboxylation of pyruvate and subsequently the reductive acetylation of the lipoamide groups attached to E2. The E2 component then transfers the acyl group to CoA. Finally, the reduced lipoyl group is reoxidized by the FAD dependent E3 component, which transfers the reduction equivalents to NAD + . The E2 component plays a central role in the complex, both catalytically and structurally. This component consists of three to five domains interconnected by flexible linkers of 20±40 amino acids. This architecture allows a high degree of flexibility of the individual domains, required for catalysis. One to three N-terminal lipoyl domains, each carrying a lipoyllysine group, are attached to the E1/E3 binding domain. The C-terminal catalytic domain forms the structural core of the complex. Three-dimensional structures of the different domains of E2 have been solved either by X-ray crystallography [5, 6] or by NMR [7±11] . Structures of E3 from several sources have been solved by X-ray crystallography [12, 13] . The wellconserved E2p binding domain consists of two parallel helices connected by a short strand, a turn and a disordered loop [14, 15] . The binding mode of Bacillus stearothermophilus E3 to the binding domain was recently solved by X-ray crystallography [16] . The interactions between E3 and the binding domain are dominated by an electrostatic zipper formed by basic residues of the binding domain and acidic residues of one of the subunits of E3. Because E3 is homodimeric the binding domain can interact with both E3 subunits, but the binding site is located so close to the twofold symmetry axis that it is impossible for two molecules of the binding domain to bind simultaneously to one E3 dimer. The E2p binding domain behaves like a Janus-face protein: while E3 interacts with the N-terminal helix, mutagenesis experiments indicate that E1p from Azotobacter vinelandii interacts with the C-terminal part [17] . The point mutation R416D in the catalytic domain from A. vinelandii also resulted in highly impaired E1p binding. Deletions in the flexible linker region between the binding and the catalytic domain had no effect on the affinity of E1p for E2p. Thus it can be concluded that the binding site for E1p consists of two regions, one located on the binding domain and one on the catalytic domain.
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The E1 component exists both as a homodimer (a 2 ) or a heterotetramer (a 2 b 2 ) depending on the source and type of complex. Homodimeric E1 with a molecular mass of approximately 100 kDa is found in all 2-oxoglutarate dehydrogenases (E1o) and in pyruvate dehydrogenases from gram-negative bacteria. Heterotetrameric E1 is found in branched-chain-2-oxoacid dehydrogenases (E1b) and in pyruvate dehydrogenases from eukaryotes and gram-positive bacteria. Little sequence similarity is found between the different classes of E1 [18] , with exception of the thiamin diphosphate binding motif, present in all thiamin diphosphate dependent enzymes [19] . Until now no structural information is available for either homodimeric or heterotetrameric E1 and any information on the interaction between E1 and E2 is lacking. Previously, cryoelectron microscopy experiments showed that E1o, E1p and E3 are separated from the surface of the E2 core by 4±6 nm, and sometimes thin bridges of density are visible in the gap between the core and the bound subunits. The bridging density between E1 and E2 seems to represent more mass than between E2 and E3 [20, 21] . Studies by scanning transmission electron microscopy show that E1 is bound along the edges of the cubic core, while E3 is present on the faces of the core [22] . When E1 is bound to the complex, the lipoyl domains are located mostly at the E2±E1 interfaces, while removal of E1 from the complex gives a much larger conformational freedom to the lipoyl domains [23] .
E1p from A. vinelandii has recently been cloned and expressed in Escherichia coli, which makes it possible to study the interaction between E1 and E2 in more detail. Limited proteolysis experiments of A. vinelandii E1p showed that its N-terminal region can easily be cleaved off [24] . The remaining fragment is still active, but unable to bind to E2p. This suggests that E1p has an N-terminal domain that is involved in the binding to E2p, but not in catalysis. To further investigate the role of this domain in the binding to E2p N-terminal deletion mutants were made using endonuclease Bal-31. The characterization of these mutants is described in this paper. [25] . The plasmids pUC9 and pUC18 were used as cloning vectors [26] .
E X P E R I M E N T A L P R O C E D U R E S

Construction of N-terminal deletion mutants
Standard DNA operations were performed as described [27] . pAFH001 [24] , containing the complete E1p gene, was used as the starting material for the construction of the endonuclease Bal-31 deletion mutants. The general approach for preparing Bal-31 deletion mutants was derived from [28] . The region encoding A. vinelandii E1p was excised from pAFH001 using EcoRI and HindIII and cloned into pUC18 digested with HincII. The resulting construct pSES01 was used for the deletion experiments. A 1829 basepair l-DNA fragment (EcoRI-XmaI) was inserted upstream from the E1p encoding region to prevent removal of bases from the region encoding the promoter and ribosome binding region of the vector (pSES02) (Fig. 1) . pSES02 (5 mg) was linearized with SmaI and incubated with Bal31 nuclease (0.015 U) at 37 8C yielding a digestion speed of 12 bp´min 21 . Aliquots were taken at timed intervals up to 25 min and the reaction was stopped by addition of EGTA, pH 9.0 mp to a final concentration of 70 mm. The samples were digested by EcoRI to remove the remaining l-DNA fragment, blunt-ended, ligated and transformed in E. coli TG2 cells. The transformed E. coli TG2 cells were screened for E1p expression by Western blotting using antiserum raised against A. vinelandii E1p [29] . Positive colonies were subsequently analysed by SDS/PAGE. The plasmids were isolated and the DNA-sequences of the N-terminal coding regions were determined using Taq polymerase according to [28] .
Enzyme expression and purification E. coli TG2 harbouring either the recombinant plasmid pAFH001, expressing wild-type E1p, or a deletion mutant were grown and purified as described in [24] . However, E1pD48 elutes at 0.2 m KCl from the Q-Sepharose column q FEBS 1999 while wild-type E1p elutes at 0.4 m KCl. A. vinelandii wildtype E2p and E3 were expressed and purified from E. coli TG2 as described in [30] and [31] .
Activity assays
For the assay of the E1p component two methods were used. The oxidative decarboxylation of pyruvate was measured at 600 nm using 2,6-dichlorophenol-indophenol (Cl 2 Ind) (1 = 21.7 Â 10 3 m 21´c m 21 ) as an artificial electron acceptor [32] . One unit of activity is defined as the amount of enzyme required for the oxidation of 1.0 mm of Cl 2 Ind per minute. The ability of E1p to reconstitute overall PDHC-activity was measured spectrophotometrically at 340 nm as described in [33] .
The pH-inactivation of E1p and E1pD48 was measured by incubating the enzyme for 30 min at a pH ranging from 5.5 to 9.5. Subsequently the E1-activity was measured as described above.
Reductive acetylation assay
Reductive acetylation of the lipoyl domains by wild-type E1p or a deletion mutant in the presence of [ 14 C]-labelled pyruvate was assayed as described in [34, 35] with the following modifications. Lipoyl domain (6±60 mm) was incubated with 2.5 mg E1p in 100 mL 50 mm potassium phosphate pH 7.0, containing 0.1 mm thiamin diphosphate and 1.0 mm MgCl 2 . The reaction was started by addition of sodium [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]pyruvate to a final concentration of 0.25 mm. The reaction was stopped after 30 s.
Interaction of E1p and E1pD48 with E2p
The interaction of E1p with E2p was studied by two methods. Firstly, the dissociation of the 24-meric E2p core into trimers upon binding of E1p was monitored on Superose-6 and Superdex 200 gelfiltration columns using a A È KTA explorer system (Pharmacia Biotech). The proteins were eluted with 50 mm potassium phosphate buffer, pH 7.0, containing 0.1 mm thiamin diphosphate (ThDP), 0.1 mm MgCl 2 , 25 mm EDTA, 50 mm Pefabloc and 0.02% NaN 3 (standard buffer), containing 150 mm KCl [17, 24] . Both columns were calibrated using the following proteins: cytochrome c (12.4 kDa), myoglobin (17.8 kDa), chymotrypsinogen (25 kDa), bovine albumin (67 kDa), alcohol dehydrogenase (144 kDa), catalase (232 kDa), pyruvate kinase (237 kDa), vanilyl alcohol oxidase (500 kDa), citrate lyase (550 kDa) and dextran blue (2000 kDa).
Secondly, the PDHC activity reconstituted from wild-type E2p, wild-type E3 and wild-type or mutant E1p was assayed as described above.
Preparation of heterodimers
For the preparation of heterodimers containing one subunit of the wild-type E1p and one subunit of a deletion mutant, wildtype E1p and the deletion mutant were mixed in an equimolar ratio in standard buffer (0.4 mg´mL 21 ). The pH of this mixture was raised to 9.5 by addition of 7.5 mL ethanolamine (1% w/v) to 100 mL mixture. The mixture was incubated on ice for 15 min. Subsequently the pH was lowered to 7 by addition of potassium phosphate (1 m, pH 6.9) to a final concentration of 75 mm and incubated on ice for 1 h. After the addition of potassium phosphate in some cases fresh ThDP was added to a final concentration of 0.1 mm. The resulting mixture of homodimers of wild-type E1p, deletion mutant and heterodimers was separated on a MonoQ column (1 mL) in standard buffer with a gradient of 0±0.6 m KCl using an A È KTA explorer system (Pharmacia Biotech) for monitoring. The heterodimers were used immediately for further analysis.
Miscellaneous methods
SDS/PAGE was performed as described in [36] . For the purpose of Western blotting SDS/PAGE was performed as described in [37] . Protein concentrations were estimated using the microbiuret method [38] , bovine serum albumin was used as a standard. Antiserum against A. vinelandii E1p was produced as described in [29] .
Limited proteolysis experiments using trypsin, chymotrypsin and endoproteinase GluC were performed as described in [24] .
R E S U L T S A N D D I S C U S S I O N
Construction of N-terminal deletion mutants
When studying the structure/function relationships of E1p it was found that the N-terminal region can easily be removed by limited proteolysis without effecting catalysis. This truncation caused the loss of its ability to bind to the core component of the complex (E2p). Therefore, we decided to study the role of the N-terminal region in greater detail by constructing N-terminal deletion mutants of A. vinelandii E1p.
Incubation of pSES02 with endonuclease Bal-31 starting 60 bp upstream of the start codon of E1p (Fig. 1 ) resulted in 412 mutants, divided into 4 groups, based on the incubation time (Table 1) . Because the deletion mutants lack the A. vinelandii ribosome binding site and the start codon, they were expressed as a protein fused to the first six amino acids (MTMITN) of b-galactosidase. The number of deletion mutants that result in an expressed fusion-product (Table 1) corresponds well to the expected number. The sequencing results in Table 2 show that the largest deletion expressing E1p in group III is 196 bp even though the group contains deletions up to 300 bp. This indicates that deletions beyond 196 bp do not result in expression of a folded protein. As shown in Table 2 , a preference is seen for some truncations, mostly situated in the region where the proteolytic sites for trypsin (R44), chymotrypsin (R37) and endoproteinase GluC (E40) are found. Proteolysis sites are usually in flexible regions on the surface of a protein. Truncated proteins starting in these regions are therefore more likely to fold correctly. This could explain why many deletions are found in a region highly susceptible to proteolysis. As truncations of 26 and 29 amino acids are also prominent, this suggests a more flexible or loop region.
A number of mutants were tested for their ability to reconstitute complex activity (Table 2 ). Up to 13 amino acids could be fused to the N-terminus without impairing the ability to reconstitute complex activity (six from b-galactosidase plus seven upstream from the start codon of E1p). Up to 9 amino acids could be deleted without effecting this ability. Truncation from 9 to 48 amino acids resulted in expression of folded enzyme, but in all cases the ability to reconstitute complex activity was completely lost. Truncations larger than 48 amino acids did not result in a folded enzyme. This demonstrates that almost the entire N-terminal region is necessary for the folding of a functional N-terminal domain. If only part of the N-terminal domain is removed and part is present as a misfolded or unfolded structure, this might interfere with the interactions between E1p and E2p. For this reason the mutant E1pD48 (2196 bp) was selected for further characterization.
Expression and purification of deletion mutant E1pD48
The expression of the mutant E1pD48 differed considerably from that of the wild-type enzyme [24] . The mutant shows a much higher expression level, while it is not found in inclusion bodies. This can be explained by the fact that wild-type E1p from A. vinelandii binds to E. coli E2p, but this does not result in a completely active complex (60%) [39, 40] . E1pD48 lacks its N-terminal domain and thus does not bind to and inhibit the E. coli PDHC.
The purification procedure of E1pD48 was identical to that described for wild-type E1p. E1pD48 shows an increased stability compared to wild-type E1p, indicating that the instability of E1p is (partly) caused by its N-terminal domain. This could also explain the increased stability of E1p when bound to E2p.
Limited proteolysis
Proper folding of E1pD48 was checked by limited proteolysis studies. The proteolysis patterns were compared to those found for E1p as described previously [24] . Endoproteinase GluC does not cleave E1pD48. In wild-type E1p it cleaves at a single site (E40) in the N-terminal region and as no extra cleavage
Interactions of E1pD48 with E2p
The binding of E1p and E1pD48 to E2p was studied by two different methods. Firstly the E2p-E3 subcomplex was titrated with either wild-type E1p or the deletion mutant. For the wildtype enzyme reconstitution of the overall PDHC activity resulted in a specific activity of 28.9 U´mg 21 E2p at an optimum molar ratio of 1.9 E1p dimers per E2p trimer and E3 dimer [24] . Using up to 40 E1pD48 dimers per E2p trimer and E3 dimer we were not able to reconstitute any PDHC-activity.
Secondly, the binding of E1pD48 to E2p was monitored by analytical gelfiltration experiments. The A. vinelandii E2p core consists, like that of other gram-negative bacteria, of 24 +  1  II  40  +4  +  1  II  52  0  +  1  II  79  ±9  +  1  II  97  ±15  ±  1  III  130  ±26  ±  2  III  139  ±29  ±  3  III  151  ±33  ±  1  III  160  ±36  ±  1  III  163  ±37  ±  3  III  166  ±38  ±  1  IV  172  ±40  ±  1  IV  181  ±43  ±  4  IV  196  ±48  ±  1 a The 6 amino acids from b-galactosidase fused to the N-terminus are not included in this number.
q FEBS 1999 subunits, forming a cubic structure. However, upon binding of E1p and/or E3 the 24-subunit core dissociates into trimers [5] . This property can easily be monitored by analytical gel filtration [41] . Figure 2 shows that E1pD48 has no influence on the 24-subunit core and elutes as a separate fraction. The size of E1pD48 was estimated from these experiments and it was evident that E1pD48 is present as a dimer and is only slightly smaller in size than the wild-type enzyme. The above-mentioned measurements all confirm our hypothesis that the N-terminal region of E1p is required for the binding of E1p to E2p. The fact that E1pD48 lacks this region, but is still correctly folded and present as a dimer, points to the presence of a separate folding domain. It is clear that the N-terminal domain is necessary for the binding of E1p to E2p, but it is unclear if one or both N-terminal domains in a dimer are involved in the binding. For this reason a heterodimeric molecule was prepared containing one subunit E1p and one subunit E1pD48.
Heterodimer preparation and isolation
E1p can be monomerized by raising the pH [42] . If the pH is lowered, E1p dimerizes, although after this procedure the stability of the enzyme is somewhat decreased as shown before [24] . A mixture of E1p and E1pD48 was monomerized by incubation at pH 9.5 for 15 min and subsequently dimerized by lowering the pH to 7. Theoretically the mixture should contain three dimers in a ratio 1 : 2 : 1 (E1p-E1p: E1p-E1pD48: E1pD48-E1pD48). As was already seen during the purification of E1pD48 the deletion mutant binds weaker to an anion exchange column than wild-type enzyme. The observed difference in binding can be due to the differences in pI as calculated from the primary sequences [5.8 (E1p) and 6.3 (E1pD48), respectively]. The pI value of the heterodimer is expected to be in between these two values. Figure 3A ,B show elution patterns of dimer mixtures to which, after lowering the pH to 7, 0.1 mm ThDP was (Fig. 3B) or was not added (Fig. 3A) . Fractions corresponding to the three peaks shown in both Fig. 3A and B were subjected to SDS/PAGE (Fig. 3C) . Peak I shows a single protein band corresponding to E1pD48, peak III shows a single band corresponding to E1p. Peak II shows two bands corresponding to both E1p and E1pD48, present in equal amounts. Analytical gelfiltration using a Superose 6 column showed that the molecules in all three peaks were present as dimers. Fractions of all three peaks were tested for their ability to reconstitute PDHC-activity. Complex activity could only be detected using peak III. Using up to a 40-fold excess of enzyme from peaks I and II did not result in the reconstitution of any complex activity. From these experiments it is clear that peak II contains heterodimeric molecules consisting of one subunit of E1p and one subunit of E1pD48. Comparing Fig. 3A and B shows that in the absence of ThDP (Fig. 3A) during dimerization there is a strong preference for the formation of homodimeric molecules. This preference disappears if 0.1 mm ThDP is added during dimerization (Fig. 3B ) and the ratio of the formed dimers is much closer to the theoretically expected 1 : 2 : 1 ratio. ThDP is rapidly hydrolysed at high pH [43] and therefore it might be degraded during monomerization. Therefore, in the absence of ThDP it is most likely that apo-enzyme is formed, while in the presence of ThDP holo-enzyme is formed. The high sequence identity (44%) between the ThDP binding site of E1p and yeast transketolase suggest a similar binding mode of ThDP in both enzymes. In transketolase the binding of ThDP occurs on the dimer interface and involves residues of both subunits of the dimer [44] . In E1p ThDP influences the dimerization, confirming the binding of ThDP at the dimer interface.
The heterodimer is a very unstable molecule; concentrating it by several different methods resulted in inactivation. Due to these difficulties only small amounts of heterodimer could be obtained and used in activity measurements (see below) or binding studies. The concentration of the heterodimer is in the range where the 24-meric E2p partly dissociates into trimers. Therefore, the patterns obtained in analytical gelfiltration were not clear-cut. Using specific antibodies raised against both E1p and E2p it was shown however, that no binding occurs between the heterodimer and E2p. This demonstrates that for the binding of E1p to E2p both N-terminal domains are required.
Kinetic characterization
To analyse whether the N-terminal domain solely functions as a binding domain (analogous to the binding domain of E2p), or if it has more functions, we investigated the kinetic properties of 
(± ±) is E1pD48, (---) is E2p and (± ± ±) is E1pD48 + E2p.
E1pD48. The reaction mechanism of E1p consists of several steps, as described in the introduction. Using an artificial electron acceptor (Cl 2 Ind), the oxidative decarboxylation of pyruvate can be measured. In Fig. 4 velocity/substrate concentration curves of E1p and E1pD48 are shown. The resulting S 0.5 values, V max values and Hill coefficients for E1pD48 at different conditions were calculated (Table 3 ). The kinetic behaviour of wild-type E1p, both bound in the complex and free has been investigated previously [24, 45, 46] . These data are now compared to those of the deletion mutant E1pD48 (Table 3) . From Fig. 4 one can see that both E1p and E1pD48 are inhibited by its substrate at high concentrations. The K i values were calculated to be 31 mm (E1p) and 37 mm (E1pD48), respectively.
Wild-type E1p and E1pD48 both have a similar V max . The Hill-coefficients of E1pD48, indicative of the allosteric nature of the enzyme, remain the same within the experimental error. Besides this, the pH-inactivation curves of E1p and E1pD48 are very similar (results not shown) with an optimum activity if incubated at pH 7. These experiments indicate that the deletion mutant is not only correctly folded but that is also has the same catalytic properties as wild-type E1p.
Surprisingly however, the S 0.5 values of E1pD48 all decreased an order of magnitude compared to those of wildtype E1p. Both AMP and potassium phosphate have a strong decreasing effect on the S 0.5 values of both E1p and E1pD48. The inhibitor acetyl CoA decreases the S 0.5 values for E1p while for E1pD48 the S 0.5 value increases. The S 0.5 value of E1pD48 in the absence of effectors (0.24 mm) is very similar to that of E1p in the presence of an activator (0.2±0.4 mm). It seems therefore, that the removal of the N-terminal domain results in activation of E1p. E1pD48 in this`activated conformation' has retained most of the kinetic properties of wild-type enzyme; effectors show similar effects on the enzyme and its allosteric properties do not seem to have changed significantly. Moreover, the inhibition of E1p by its substrate does not change significantly due to truncations of the N-terminal region. Slight alterations in the Hill coefficients could possibly be due to the insensitivity and inaccuracy of the Cl 2 Ind-assay. On the other hand, the proximity of the highly negatively charged N-terminal domain (P i 4.0) to the active site in wild-type E1p might decrease the effective concentration of pyruvate resulting in an apparent higher S 0.5 .
The kinetic characterization of the heterodimer shows that it is catalytically functional, although quite unstable. The V max (0.06 U´mg 21 ) is very similar to that of both E1p and E1pD48. The low concentration and the instability of the heterodimer, combined with the insensitivity of the Cl 2 Ind-assay resulted in rather inaccurate data in the velocity/substrate concentration curve, so that no conclusions on the S 0.5 could be drawn.
The second part of the E1-reaction, the transfer of the acyl group from hydroxy-ethyl-ThDP to the free lipoylated lipoyl domain was measured using radioactive labelled pyruvate at different lipoyl domain concentrations (Fig. 5) [35] ) and noncomplex-bound are highly comparable also confirm this: the binding of E1p to E2p has no influence on the interactions of E1p with free lipoyl domain.
Summarizing, the deletion mutant E1pD48 is catalytically fully functional. It can both decarboxylate pyruvate and transfer the acyl moiety to the lipoyl group. On the other hand, removal of the N-terminal domain decreases the S 0.5 values for pyruvate, indicating the proximity of the N-terminal domain to the active site.
Model of the interactions between E1p and E2p
The N-terminal domain is highly conserved among all E1p's from Gram-negative bacteria (Fig. 6) . Previously, it was stated Fig. 3 . Preparation and isolation of heterodimeric E1p-E1pD48. Heterodimeric E1p-E1pD48 was prepared as described in detail in the experimental procedures. The dimers were separated on a MonoQ column (1 mL) in standard buffer using a gradient of 0±0.6 M KCl. (A) 50 mL sample. (B) 1 mL sample in which, after the addition of potassium phosphate ThDP was added to a final concentration of 0.1 mm. Part of the protein was not bound to the column and washed out at 0 M KCl. Peak I contains E1pD48, peak II contains the heterodimer E1p-E1pD48 and peak III contains E1p. (C) SDS/PAGE of fractions of peak I, II and III from panel B. The gel was stained using silver stain. HMM is high molecular mass marker, LMM is low molecular mass marker. I are two fractions of peak I, II are two fractions of peak II and III are two fractions of peak III.
q FEBS 1999 a Kinetic constants for E1p were partially obtained from [24] . that no significant homology could be found between different ThDP-dependent enzymes, except in the ThDP-binding motif [18, 19] . An overall identity of 24% was found however, between A. vinelandii E1p and yeast transketolase, even though E1p is 884 amino acids long and transketolase only 680 amino acids. Amino acids 1±70 from E1p are completely absent in transketolase, indicating that these residues have a function that is absent in transketolase. The proposed binding function of the N-terminal region of E1p is in good agreement with this. Surprisingly the N-terminal sequence from E1p is completely absent in heterotetrameric E1, indicative of a different binding mode in these enzymes. The secondary structure prediction program PHDsec [47] predicts a structure as shown in Fig. 6 . Amino acids 1±9, which could be removed from E1p without effecting its binding properties, are predicted to form a loop-like structure. Amino acids 13±25 and 28±44 are predicted to form two helices. It is likely that this region forms the core of the N-terminal domain; two helices connected by a small loop. From Table 2 it can be seen that from amino acid 15±26 no truncated enzymes were found, while truncated enzymes starting at residues 26 and 29 are very prominent, indicating an exposed region around residues 26 and 29. Finally, a second loop region is predicted, separating the N-terminal domain from the remaining part of the enzyme. Analysis of the structure of a synthetic peptide representing the N-terminal sequence of E1p is in progress.
From previous experiments (see introduction) it was concluded that the binding site for E1p on E2p consists of two regions, one on the binding domain and one on the catalytic domain. In both regions, as shown by mutagenesis [17] , positively charged residues are involved in the interactions (Fig. 6 ). The N-terminal region of E1p is highly negatively charged. A. vinelandii E1p contains 24% acidic residues in the first 50 amino acids compared to an average of 14% in the complete enzyme. The amount of basic residues is relatively low (10% in the first 50 amino acids, compared to 14% in the complete enzyme).
Residues E14, D17, E20, D24 and E28 would, according to the secondary structure prediction, all be present in a helix and moreover all on the same side of this helix. This indicates that [24] ; P. aer., Pseudomonas aeruginosa E1p [48] ; A. eut., Alcaligenus eutrophus E1p [49] ; N. men., Neisseria meningitidis E1p [50] ; E. col., Escherichia coli E1p [51] ; H. inf., Haemophilus influenzae E1p (Py511g swiss-prot database). Acidic residues are shown in boxes. The proteolytic sites for trypsin (R44), chymotrypsin (R37) and endoproteinase GluC (E40) are shown in bold. The bottom line shows the secondary structure as given by the secondary structure prediction program PHDsec [47] . l, loop, h, helix,`X ' no prediction is made for this residue. On the right the amount and percentage (between brackets) of positively and negatively charged residues in the N-terminal region is shown.
q FEBS 1999 these residues might be involved in the interactions between E1p and E2p. Site directed mutagenesis studies are in progress to confirm this hypothesis.
Binding studies using the heterodimeric E1p-E1pD48 showed that both N-terminal domains are essential for the binding of E1p to E2p. Because binding occurs to both the binding domain and the catalytic domain of E2p [17] , we propose that one N-terminal domain binds to the binding domain, while the other one interacts with the catalytic domain. Most likely the acidic residues on the N-terminal domain and basic residues [17] on E2p are involved these interactions. The observed stochiometry in A. vinelandii PDHC (three E1p dimers per E2 trimer) [45] seems to exclude a symmetric binding mode in which one dimer of E1p interacts with two E2p binding domains. Apparently an asymmetric binding mode is preferred, as is the case with E3 [16] .
Summarizing, we can conclude that E1p has an N-terminal domain functioning as the binding domain for its binding to E2p. The E1p dimer binds to E2p through interactions of this domain with both the binding domain of E2p and the catalytic domain of E2p. Besides its binding function the N-terminal domain also influences the kinetic behaviour of E1p, indicating that the N-terminal domain is in proximity of the active site.
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